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THE SURGE IDENTIFYING DEVICE IN COMPRESSORS
OF AVIATION GAS-TURBINE ENGINES

Introduction

Modern aviation gas-turbine engines (GTE) are
complex thermal machines, which consist of a large
number of the connected systems and devices to
which requirements of obtaining extreme values of
parameters in the set service conditions are imposed
(the minimum specific fuel consumption on the
nominal mode, the maximum draft at take-off, etc.).

These factors lead to permanent complication of
designs of modern GTE, emergence of new systems
and devices — adjustable guide devices, air bleed
valves, adjustable cooling systems of the turbine etc.
Such complications of a design cause a possibility of
fluctuations of separate parameters, and also a pos-
sibility of influence of fluctuations in one systems
on work of other systems and emergence of multi-
frequency fluctuations in GTE.

The peculiarity of all these modes is existence of
periodic components.

Problem statement

The results of researches, presented in [1, p. 217],
[2, p. 502], [3, p. 112], [4, p. 128], show, that surge
phenomena in GTE lead to loss of power, and are
followed by growth of temperature of gases in front
of the turbine and increase of vibration level as a
result of big amplitudes of pressure pulsations and
mass expenses on a path of the engine.

The possibility of emergence of these phenomena
is a serious obstacle on the way of increase in reli-
ability of GTE, including safety of flights in general.
Short-term loss of power in case of a surge on one of
the engines for the multiple-motor plane or even for
the single-motor plane in case of sufficient to run the
clearance rate does not lead to a catastrophic situa-
tion [1, p.218].

However growth of temperature and increase of
vibration level can lead to a burnout of nozzle dia-
phragms of the turbine and other breakages
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[2, p. 503]. Operating experience [2, p. 502],
[3, p. 112], [4, p. 128] shows that especially danger-
ous for the engine is an inadmissibal temperature
increase of gases in front of the turbine.

To increase GTE marginal stability regulation of
the guide devices of the compressor, bleed from
separate compressor stages, adjustable dispensing of
fuel supply on the modes of start, throttle of throt-
tling, etc are used.

These measures reduce probability of emergence
of the surge phenomena, but can't serve as a guaran-
tee of their elimination as the surge can be a conse-
quence of failures in the systems intended for the
prevention of failures.

Besides, increase in marginal stability leads to
considerable decrease in compressor efficiency and,
respectively, profitability of GTE [4, p. 130]. There-
fore it is expedient to allow small emergence of a
surge, but to equip GTE with emergency systems of
surge protection and to provide the maximum profit-
ability of engines [6, p. 15].

Efficiency of usage of such systems significantly
depends on an identification method, whis is put in
its principle of operation. In this regard the identifi-
cation method is of special interest. It uses orthogo-
nal expansion of pulse transitional functions in a row
on Walsh functions.

In this case the possibility of false operation of
signaling devices of a surge owing to sharp changes
of an operating mode of GTE is eliminated, and also
dimension of space of diagnostic signs in compari-
son with diagnosing on the basis of counting of the
studied process is reduced [1, p. 219]. Thus, we will
formulate a research problem in the form of justifi-
cation of applicability of an identification method on
Walsh functions and develop the algorithmic provid-
ing in systems of recognition of the surge and pre-
surge phenomena in aviation GTE.



HaykoemHi TexHonorii Ne 4(40), 2018

507

Properties of Walsh orthogonal functions

We will consider the main properties of Walsh
orthogonal functions which we will use at a state-
ment of the offered identification method. Walsh
functions belong to the class of piecewise and con-
tinuous orthogonal functions [3, p. 113] which has
made a basis for creation and development of the
sequent analysis, that is the research of processes by
means of not sinusoidal functions.

T
A

1

Visually the system of Walsh functions is
brought out of system of Rademakher functions.
Rademakher function 7, (¢) with an index mhas a
form of sequence of rectangular impulses and con-
tains 2”' periods on an interval [0,1], accepting
values +1 or — 1 (Fig. 1).

The exception is made by function 7,() which
has a form of a single impulse.
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Fig. 1. The system of orthonormal Rademakher functions

The system of Walsh functions is similar to
Rademakher functions and is also brought out of
them, but it is a full system of orthonormal func-
tions, that is any absolutely integrated function in the
range of [0,1] can be presented with the set accuracy
in the form of the weighed sum of finite number of
Walsh functions. Between Walsh functions W,(¢)

1

and Rademakher functions 7 (t):
Wo(1)=ry(e),
W (e)=r(0).

Where ¢ =int(log, n)+1,
where int means capture of the biggest integer in N;

217 0+ 29 B 429y 4=,

that is a, 3,y . — binary decomposition of number 7 .

The first five members of system of orthonormal
Walsh functions are presented in Fig. 2.

Identification method on orthogonal Walsh
functions

This method is a method of passive identifica-
tion. Here the impulsive admittance function (IAF)
o(t)of GTE is presented in the form:

m(r)ziaiWi(r), t€[0;7), (1)
i=0

where T — interval of Walsh functions determi-
nation.
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Fig. 2. The system of orthonormal Walsh functions

The interval of Walsh functions determination 7'
is chosen by big or equal to the effective duration of
IAF. The output signal y* (t) is calculated on model

(1), and is defined by expression of convolution.
n T
y*()=2a [ W (e —t)ar.
=0 0

We define a mean-square error &> of a mismatch
of the measured y(¢) and model y*(r) signals:

g =%ff[y(t)—y*(t)}2 dt =
' @)

T

=%§[y<z)—§a,«gw,-(r)x(z—r)dr}zdn

where L — duration of supervision interval.
We define expansion coefficients a; from a
minimum of expression (2):
og’

Z =0 j=0,n. 3)

ﬁaj

Differentiating (2) and substituting in (3) we get
a system of linear equations to determine q; :

iajK ;(OK; (t)dt =?y(f)K J0dt, j=0n; (4)
=0 0 0 ‘
K.(t)= ?Wi(t)x(t —1)drt;
0

K, ()= TWJ(O)x(t —0)d0.
0

© OlaliN. V., Olali M. O., 2018

For discrete values x(¢#) and y(¢), measuring

with a sampling frequency A the system of the
equations (4) can be given to a form [1, p. 219]:

iaicij:bja ]zoa_” (5)
i=0
Coefficients o and bj are calculated on formu-
las (j = 0,n ):

LJA .
b, = Akz:ly (kMK (kA);
L/A —_—
¢; =AY K, (kMK (kA); i=0,n;  (6)
k=1

T/A -
K (kA) = A& SV, (sA)x(kA —sA); k=L L/A.

The sampling period A according to Kotelnikov
theorem is defined by the extreme frequency of a
transmission of GTE, that is A=1/f;. . In practice

Jiim 1s often unknown. In this case value A can be

estimated approximately as [1, p. 220]
T

min

A=—m0 o
(5...10)
where 7. — the minimum expected time constant

of the object.

The choice of optimum decisive rules is firstly
defined by available aprioristic and a posteriori in-
formation. We will consider available a posteriori
information as coefficients of decomposition of IAF
which are only identified in a series of Walsh func-
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tions {a;}. In real systems of automatic control of

GTE other information which depends on particular
system is available. We designate, a priori informa-
tion which is necessary in any case through the
alphabet situations {D;}. We consider various op-

tions of recognition of a situation in GTE depending
on the volume of aprioristic information.

We will analyse a case when only the directions
of values replacement of decomposition coefficients
of IAF are known upon transition from normal op-
eration to a surge.

Then application of rather simple procedure of
diagnostics based on the analysis of a sign of a de-
viation of controlled parameter from nominal rate is
possible.

At the same time for reliability increase of diag-
nostics it is expedient to allocate intervals

(a? -€;, ajo. +¢) for each decomposition coefficient
a; with nominal rate a? and definition error € .
We will code a case a; e(a? —sj,a? +¢g;) of 0,

0 0
acase a;<a; —¢;of —1,and a case a; >a; +¢&,—

of +1.

Information on behavior of decomposition coef-
ficients in various situations is in a table of situa-
tions, in which columns correspond to all possible
situations, and lines — to all decomposition coeffi-
cients. In the corresponding cages by the provided
rule are put down 0, + 1 or — 1.

In a case when values of decomposition coeffi-
cients in all situations are known, each the diagnosed
condition of system can be presented in the form
(n+1) — dimensional vector A with components
{a0.a;055a,,

The problem of situation classification {D,} in
this case is formulated as follows: it is necessary to
refer a set of decomposition coefficients, shown to
one of situations established in advance.

In a case when there is sufficient statistical in-
formation: aprioristic probability of situations
P(D;) the conditional density of signs values

f(a;/D;) and these distributions are unimodular,

the use of statistical methods of detection, for exam-
ple a statistical method of the minimum risk is expe-
dient.

Algorithm and identification device of a surge
Accepting, as a diagnostic sign of a surge decompo-
sition coefficients in a row on Walsh functions of the
studied process at the fixed interval it is possible to
formulate algorithm of identification as following:

1. The measured value of process is entered
y,x.

J

2. On these values and (2" —1) the previous
value of process the current values of decomposition
coefficients are calculated according to (5).

3. The recognition of a surge is carried out by
comparison of the current decomposition coeffi-
cients with reference one.

The situation is considered found if the difference
module between the current values of decomposition
coefficients and the corresponding reference values
doesn't exceed the set value - a threshold of the rec-
ognition determined at a stage of formation of signs
by dispersion of decomposition coefficients for vari-
ous realization of processes in one situation and
identification errors.

In Fig. 3 the function chart of the identification
device of a surge which realizes the shown algo-

rithm is given.
Sensors of
parameters

Calowlator of Walsh
rnethments

Idertification device of a surge
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Fig. 3. Device of identification of a surge

For Walsh functions evaluation ,(¢) in a time-

point ¢ [0, 1] it is possible to use expression [5,
p. 225]:
w.

1

( ) +1, axkmo S;, @5,P..@ 85, =0,
)=

-1, axkmo S; @S5, .08, =1,
where S, — categories in which at binary disinte-

gration 7 and ¢ at the same time there are units; the
sign @ means addition on the module 2.

Procedure of calculation of Walsh - Fourier coef-
ficients is rather realized on elements of digital
equipment [5, p. 226].

Here decomposition coefficients of a constant
sign signal are calculated

/()= r)+C=0,
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where C =const, which for i#0 are Walsh —
Fourier coefficients of sign (function) 1 (t) .
Definition of transitional function on the known
model doesn't cause complications and on prelimi-
nary expression the simple and effective algorithm
of determination of decomposition coefficients
ai* (P) at the set vector of parameters of model P is
built. The model parameters corresponding to the
IAF with decomposition coefficients a, are deter-

mined from the condition of minimization of quad-
ratic functional:

O(P)=3a, ~a,(P)-

For determination of the minimum value Q(P) it
is possible to use one of indirect methods of search

of an extremum. Initial approach P° can be received
by means of estimation methods by IAF, restored on

the set decomposition coefficients a; . The iterative

cycle of search of a minimum begins with system-
atic search on » to the orthogonal directions (r —
dimension of a vector P) of serial change vector
components P, at a value of a trial step £h, which in

the course of search can decrease. If during iteration
improvement of functional Q(P) is received, then
the direction of descent in the form of a vector gra-
dient G which value of components ¢; undertakes

proportional degree improvement of functional in
the corresponding directions is defined.

Conclusion

As a result of the carried researches the possibil-
ity of application of the identification method based
on orthogonal decomposition of pulse transitional
function in a row of Walsh functions is specified.

Oaauai H. B., Oaanxi M. O.
IPUCTPIU-ITEHTUPIKATOP
IF'A30TYPBIHHUX /IBUI'YHIB

INOMIIAKY

The algorithm and the scheme of the identifica-
tion device of a surge, in which as a diagnostic sign
the decomposition coefficients on Walsh functions
are accepted, are developed. Formation of classes is
carried out on the basis of the analysis of a large
number of experimental curves of parameters
change of working process at a surge and normal
engine run.
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B KOMITPECOPAX ABIALIMHAX

Y emammi posensioacmoca npodiema idenmughikayii nOMRANCHUX ABUUY 8 KOMAPECOPAX asiayiiHuX 2a30mypOIiHHUX

ogueynax. [[na 30inbuieHHs 3anacie cmilikocmi 08USYHI8 SUKOPUCHOBYIOMb. De2Yl08AHHA HANPAGIAIYUX anapamise
KOMApecopa, nepenycKauHs Nnosimps 3 OKpeMux CMYneHie KOMnpecopd, pezyibo8aHe O003V8AHHSA NOOA4i naiusda Hd
PpedcuMax 3anycky, nputiomucmocmi, opocentoganus. Lli 3axo0u 3smeHulyroms UMOGIPHICHb SUHUKHEHHS NOMNAMNCHUX
A6UUY, ale He MONCYMb CLYHCUMU 2APAHMIEIO iX YCYHEHHA, OCKIIbKU NOMNANC MoXdce Oymu HACIIOKOM 8i0MO8 8 Camux
cucmemax, npusHavenux O nonepeodcentst 3pugis. Eexmugnicmes 3acmocy8ants makux cucmem CYmmeso 3die-
Jrcums 8i0 Memooy idenmugbikayii 3axknadenoi 8 ii npunyun 0ii. B 36 43Ky 3 yum ocobausuii inmepec npeocmasiac me-
Mmoo ideHmu@ikayii, wo SUKOPUCIMOBYE OPMOSOHATLHUL PO3KAAO IMINYIbCHUX NEPexiOHux QyHKYit 6 pso no QyHKyisx
Yonua. Obrpynmogyemucs 3acmocosmicms memoody po3nizHA6AHHS NOMRAJICY 34 0ONOMO20i0 PO3KAAY IMRYAbCHOL
nepexionoi’ Qynkyii 0sueyna 6 pso opmoHopmogaHux Qyuxyiu Yomuwa. B axocmi diaeHOCMUYHOI O3HAKU NOMRAICY
nputinami xoeiyicnmu posxiadanns Yonuwa - @yp’e. Pospobreno aneopumm i yukyionanvha cxema npucmpoio ioe-
umugpixayii nomnasica. PopmyeanHs Kuacié npogoOUMbCs HaA OCHOBL aHANI3Y 8eNUKOL KITbKOCHI eKCNepUMeHMALbHUX
KpUsUx 3minu napamempis poboyo2o npoyecy npu NoMnaxci i HopmansHit pobomi dguzyna. B pesyromami npogederux
00CI0HCEeHb NOKA3AHA MONCIUBICMb 3ACTNOCYB8ANHA Memody i0eHmu@iKayii 3acCHO8AHO20 HA OPMOLOHATILHOMY PO3KAA-
0i imnynvcHoi nepexionoi ynryii' 6 pad sa yukyiamu Yonua.
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Pospobnenuii ancopumm i cxema npucmporo i0eHmughikayii ROMNAasicy, 8 AKOMY K 0iAeHOCMUYHA O3HAKA NPULIHAMI
Koegiyicumu poskaady no gyuxyiax Yonuwa. @opmyeanHs Kiacie nposoOUmsbCsi HA OCHOBI aAHANI3Y 6eIUKOL KLbKOCHI
EKCNepUMEHMANbHUX KPUBUX 3MIHU napamempie pobo4o2o npoyecy npu nOMRaxicy i HOpMaibHii pobomi 08USYHA.

Knio4yoBi cnoBa: nomnax; asiauiiHuii ra3oTypOiHHWUIA ABUrYH; NPUCTPIN igeHTudikauii; dyHKUiT Yonwa; opToroHans-
HWUI posknag, anropuTM.

Olali N. V., Olali M. O.
THE SURGE IDENTIFYING DEVICE IN COMPRESSORS OF AVIATION GAS-TURBINE
ENGINES

This paper concentrates on the problem of identification of surge phenomena in compressors of aviation gas-turbine
engines. Applicability of a surge detection method using expansion impulse response of the engine in a series of or-
thonormal Walsh functions is proved. As a diagnostic sign of a surge the Walsh - Fourier coefficients are accepted. The
algorithm and the functional chart of the identification device of a surge are developed. Formation of classes is carried
out on the basis of the analysis of a large number of experimental curves of change of parameters in workflow at a
surge and normal operation of the engine.

Keywords: surge; aviation gas-turbine engine; identification device; Walsh functions; orthogonal decomposition; al-
gorithm.

Odaamn H. B., Oaamu M. O.
YCTPOUCTBO-UJEHTU®UKATOP IIOMIIA’KA B KOMIIPECCOPAX ABHUALIMOHHBIX
T'A30TYPBUHHBIX JIBUTATEJEN

B cmamve paccmampusaemcs npobiema u0eHmu@urayuy nOMIAMXCHbIX AGNEHUL 8 KOMIPeccopax aguayuoOHHbIX 2ad-
30mypounnblx osueamenei. O60CHO8bIBAEMCA NPUMEHUMOCTIL MEMOOA PACHO3HABANHUA NOMAAICA C NOMOWBIO PA3I0-
JHCEHUS UMNYTILCHOU Nepexo0HOU PYHKYUU 08Uueameis 6 pso OpMoHOPMUPOsanHblx gynkyui Yomnua. B xauecmee ouae-
HOCIUYeCK020 NPUSHAKA NOMNAXCA NPUHAMbL KOd(hduyuenmol paznoxcenuss Yonuwa - Pypve. Paspabomano ancopumm
u pyHKyuOHANBLHA cXema ycmpolicmea udenmuguxayuu nomnasica. Popmuposanue Kiaccos nposOOUMcs Ha OCHOBe
aHanuza 6oabUIO20 KOIUHECBa IKCNEPUMEHMATLHBIX KPUBLIX USMEHEHUs. napamempos paboiezo npoyecca npu nom-
nasce u HOpMAaIbHOU pabome 08uzamens.

KniouyeBble crnioBa: Nnomnax; aBMaUMOHHbIA rasoTypOUHHBLIA ABUraTesb; YCTPOMCTBO WAEHTUMUKALMK; OYHKLMK
Yoniua; opToroHanbHoe pasnoXeHue; anroputm.
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